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FTIRWe performed for the ﬁrst time three-dimensional (3D) modelling of the entire chloroplast structure. Stacks
of optical slices obtained by confocal laser scanning microscope (CLSM) provided a basis for construction of
3D images of individual chloroplasts. We selected pea (Pisum sativum) and bean (Phaseolus vulgaris)
chloroplasts since we found that they differ in thylakoid organization. Pea chloroplasts contain large
distinctly separated appressed domains while less distinguished appressed regions are present in bean
chloroplasts. Different magnesium ion treatments were used to study thylakoid membrane stacking and
arrangement. In pea chloroplasts, as demonstrated by 3D modelling, the increase of magnesium ion
concentration changed the degree of membrane appression from wrinkled continuous surface to many
distinguished stacked areas and signiﬁcant increase of the inter-grana area. On the other hand 3D models of
bean chloroplasts exhibited similar but less pronounced tendencies towards formation of appressed regions.
Additionally, we studied arrangements of thylakoid membranes and chlorophyll–protein complexes by
various spectroscopic methods, Fourier-transform infrared spectroscopy (FTIR) among others. Based on
microscopic and spectroscopic data we suggested that the range of chloroplast structure alterations under
magnesium ions treatment is a consequence of the arrangement of supercomplexes. Moreover, we showed
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Photosynthetic light-driven reactions in higher plants take place in
chlorophyll–protein complexes (CP)—photosystems I and II (PSI/II)
associated with respective antennae (LHCI/II). These complexes are
localized inside the thylakoid membranes that are structurally differ-
entiated into stacked (appressed) multilamellar regions (grana) and
unstacked (non-appressed) stroma thylakoid interconnecting grana.
Such thylakoidmembrane arrangement creates three dimensional (3D)
network thatencloses single compartment inside it [1]. Spatial thylakoid
organization is related to segregation of main CP complexes organized
hierarchically in supercomplexes and megacomplexes [1,2]. LHCII–PSII
supercomplex, named as photosynthetic unit PSIIα, comprises dimer of
PSII core, minor light-harvesting complexes (Lhcb4–6) and variable
amounts of LHCII trimers (Lhcb1–3) [1,3] and occurs exclusively ingrana regions [4,5]. The monomeric PSI core complex with four LHCI
subunits (Lhca1–4) [6] and with temporarily bound LHCII complex [7]
forms LHCI–PSI supercomplexes localized in unstacked thylakoid
regions [4,5]. Furthermore, ATP-synthase as well as monomeric PSII
(PSIIβ) without LHCII trimers are found in the stroma thylakoids [1,4].
Such membrane structure is highly dynamic as a result of CP
supercomplex rearrangement in response to environmental factors,
e.g., under variable light conditions [8] and other abiotic stresses [9,10].
Over the last decade 3D models of thylakoids organization inside
chloroplasts have been discussed. The ﬁrst model suggests that grana
are formed by folding of a single continuous membrane [11]. The
second one assumes the existence of cylindrical grana discs piled one
on top of the other and connected to each other with right-handed
helices of stroma thylakoids [12]. The grana discs are connected to
each other by stroma thylakoids helices, that makesmultiple contacts.
Grana are formed by symmetrical invagination of stroma thylakoid
pairs into piles of three discs [13]. The last model assumes dynamic
changes in molecular structure of membrane bilayer. Granum stack is
formed by bifurcation of stroma lamellae and subsequent fusion of
newly created membranes. Edges of adjacent membranes bend and
fuse with neighboring lamellae forming thylakoid stacks [14].
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still under discussion [13,15].
Formation of appressed regions depends on two connected
processes: (i) surface interaction between adjacent membranes in
grana stacks [16] and (ii) protein movement in lateral plane of
thylakoids [17,18]. Spontaneous appression of thylakoid membranes
is a consequence of van der Waals attraction and thermodynamic
tendency to increase the overall entropy within chloroplast stroma.
On the contrary, unstacking of grana is induced by electrostatic and
hydratation repulsion between membranes [16]. Charge mismatch of
photosystems and size difference between PSII and PSI are the main
factor determining lateral separations of CP complexes in stacked
thylakoids [5,17,19]. The structure of grana stacks is mainly stabilized
by ordered arrangement of LHCII–PSII and LHCII complexes [1], while
the unstacking of grana causes unbinding of LHCII from super-
complexes and random distribution of photosystems in the lateral
plane of the thylakoid membrane [20,21].
In vitro unstacking of thylakoid membranes was observed in
low-ionic-strength buffers, whereas addition of cations, especially
Mg2+ ions, resulted in spontaneous grana formation, due to
enhanced electrostatic screening of thylakoid membranes surface
charge [16 and references therein]. This commonly known
phenomenon was investigated mainly on the level of thylakoid
membranes by different spectroscopic methods [22,23] as well as
by transmission [16] and freeze-fracture electron microscopy [21]
and atomic-force microscopy [24]. However, there is not much data
concerning the effect of Mg2+ ions on the overall chloroplast
structure [16].
The aim of the present study is to scrutinize the Mg2+-induced
lateral and vertical arrangement of thylakoidmembranes and changes
of the overall chloroplast structure visualized by confocal laser
scanning microscopy (CLSM). Since recent data suggest that the
stacking process strictly depends on the arrangement of CP complexes
[21], we used different magnesium treatments as a tool to study
thylakoid membrane stacking and arrangement in chloroplasts
isolated from pea and bean plants. These plant species under
investigation differ in the structural thylakoid membrane organiza-
tion [9,10,25]. Spectroscopic methods like low-temperature ﬂuores-
cence, resonance light scattering (RLS) and Fourier-transform infrared
spectroscopy (FTIR) enabled appraising quantitative and qualitative
arrangement of the thylakoid membranes under the stacking process.
CLSM image analysis allowed to visualize the Mg2+-induced changes
in the entire chloroplast structure and to make three-dimensional
(3D) organelle models. Relations between biophysical and micro-
scopic data are discussed in details. Moreover for the ﬁrst time the
FTIR and 3D visualization of CLSM images were adapted to
investigation of grana stacking.
2. Materials and methods
2.1. Plant materials and growth conditions
Pea (Pisum sativum L. cv. Demon) and bean (Phaseolus vulgaris L. cv.
Eureka) plants (both from PlantiCo Zielonki, 05-082 Babice Stare,
Poland) were grown in 3 L perlite-containing pots in a climated room
(22 °C/20 °C day/night temperature) at a photosynthetic active
radiation (PAR) of 200 μmol photons m−2 s−1 during a 16-h photope-
riod and relative humidity of 60–70%. Plants were fertilized with full
Knop's nutrient solution. Fully expanded leaves of 18- and 14-day-old
pea and bean, respectively, were harvested 30 min after light was on.
2.2. Preparation of thylakoid membranes and intact chloroplasts
Chloroplasts were isolated by homogenization of pea and bean
leaves in a buffer A (20 mMTricine-NaOH, pH 7.5) containing 330 mM
sorbitol, 15 mM NaCl, 4 mM MgCl2 and 40 mM ascorbate. Thehomogenate was ﬁltered and centrifuged at 2000g for 5 min to obtain
chloroplasts pellet. Subsequently buffer B (20 mM Tricine-NaOH pH
7.0) containing 15 mM NaCl and 4 mM MgCl2 was used for
preparation of the thylakoid membranes from chloroplasts. After
centrifugation at 6000g for 10 min pellet was resuspended in a buffer
C (20 mM HEPES-NaOH pH 7.0) containing 330 mM sorbitol, 15 mM
NaCl, 4 mM MgCl2. Probes were centrifuged at 6000g for 10 min and
after that thylakoid membranes were resuspended in small amount of
buffer C. Thylakoid membranes were always freshly prepared before
each experiment and were kept on ice and in dark for subsequent use.
Intact chloroplasts were isolated in semi-frozen buffer A by gentle
homogenization of pea and bean leaves. After ﬁltration the intact
chloroplasts were centrifuged at 2000g for 3 min. Pellet obtained in a
such way was very gently resuspended in a small amount of buffer C
and immediately used for confocal laser scanning microscopy (CLSM)
investigation. The integrity of at least 80% chloroplasts was deter-
mined by ferricyanide reduction before and after osmotic shock [26].
Moreover, chloroplasts with a damaged envelope were not a subject
of the CLSM analysis. The concentration of chlorophyll (Chl) was
quantiﬁed spectrophotometrically after extraction with 80% acetone
[26].2.3. MgCl2 dependent thylakoid stacking
Thylakoid preparation was diluted to appropriate Chl concentration
(seeﬁgure legends) by addition of small volumeof suspension (4–10 μl)
to 4 ml of 20 mM HEPES-NaOH (pH 7.5) buffer containing 330 mM
sorbitol and appropriate concentration of MgCl2 (0–6 mM). Spectra of
the samples were examined after 10 min incubation in dark at the
saturated point of ﬂuorescence emission for the appropriate MgCl2
concentration.2.4. Measurements of thylakoid ﬂuorescence
Steady-state ﬂuorescence emission spectra at 25 °C (298 K) were
determined with the help of Shimadzu RF-5301PC spectroﬂuorimeter
with 3- and 10-nm spectral resolution for excitation and emission.
Samples were placed in quartz cuvette (10-mm optical path length)
and magnetically stirred to prevent settling. Fluorescence spectrum
(600–800 nm) was recorded 3 times. First scan was carried out to
eliminate light-dependent changes in ﬂuorescence intensities, which
did not exceeded 2%. The second and the third scans were used to
obtain an average ﬂuorescence spectrum of the sample. Steady-state
ﬂuorescence spectra at 120 K were monitored with a Spex FluoroMax
spectroﬂuorimeter with 2-nm spectral resolution for excitation and
emission. Samples were thermostated using a home-made liquid
nitrogen cryostat (Institute of Physics, Polish Academy of Sciences,
Warsaw). Temperature was measured directly in the glassy solution
by a diode thermometer, with an accuracy of 0.5 K. After dark-
incubation thylakoid samples were resuspended in 2 ml of 20 mM
HEPES-NaOH buffer (pH 7.5) containing appropriate concentration of
MgCl2 and 80% (v/v) glycerol in 10×10 mm polymethacrylate
cuvettes (Sigma, USA). The total optical density of the thylakoid
samples did not exceed 0.1 to minimize inner-ﬁlter effects. Low
temperature measurements were performed at 120 K, since temper-
ature stability below 120 K was not sufﬁcient, especially near boiling
temperature of liquid nitrogen.
The decomposition of ﬂuorescence spectra was performed by
using Grams/AI 8.0 Spectroscopy Software (Thermo Electron Corpo-
ration, USA) programs with 5 Gaussian subbands. The parameters of
the components were based on data of [27]. The bands with maxima
at 680, 690, 696, 730 and 755 nm were ascribed to LHCII (trimers,
monomers), RC PSII complex, LHCII (aggregated trimers), core
complex and LHC of PSI [27 and references therein], respectively.
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Room temperature RLS spectra were recorded in a synchronous
mode at 90° with respect to the incident light, using a Shimadzu
RF-5301PC spectroﬂuorimeter. The excitation and emission band-
widths were set to 1.5 nm. Each spectrum was recorded 3 times.
After RLS measurements the same probe was used to achieve
absorption spectra using a Cary 50 Bio spectrophotometer in
quartz cuvette; each spectrum was recorded 2 times.
2.6. Fourier-transform infrared spectroscopy (FTIR) measurements
Thylakoid membranes suspension was resuspended in a D2O-based
20 mM Hepes–NaOH (pH 7.0) buffer containing 330 mM sorbitol and
appropriate MgCl2 concentration (0 or 6 mM) and then centrifuged at
7200g for 10 min at 4 °C. This step was repeated three times to replace
H2O based buffers with D2O ones. Fourier-transform infrared (FTIR)
spectra were recorded with a Bruker Vector 33 spectrometer equipped
with a horizontal attenuated total reﬂection (ATR) cell. Sample
containing liquid thylakoids was deposited on a ZnSe crystal and
spectra were recorded in darkness in argon atmosphere with 0.6 cm−1
spectral resolution. The buffer without membranes was used as a
control. For each background and for each sample spectrum 25
interferograms were averaged and Fourier transformed. Data analysis
was carried out with Grams/AI 8.0 Spectroscopy Software (Thermo
Electron Corporation, USA). Before the data analysis a linear baseline
was subtracted in the three ranges: 1710–1585 cm−1 corresponding
to C=O stretching vibration region of polypeptide chains (Amide I
region), 1790–1590 cm−1 and 3000–2800 cm−1, corresponding to
the deformation and to the stretching vibrations of CH2 and CH3
groups of membrane lipids acyl chains, respectively. The Amide I
region of the spectrum was ﬁtted with ﬁve Gaussian component
bands, the 3000–2800 cm−1 region was ﬁtted with both Gaussian
and Gaussian–Lorentzian component bands. The ﬁt of all parameters
(frequency, bandwidth, etc.) was based on [28]. The accuracy of the
component band frequency determination was better than 0.1 cm−1.
2.7. Transmission electron microscopy (TEM)
Samples of pea and bean leaves were taken for TEM as described in
[10]. Pieces of about 1–4 mm2 in area were cut from middle part of
leaf. The material was ﬁxed in 2.5% glutaraldehyde in 50 mM
cacodylate buffer at pH 7.4 for 2 h, washed in buffer and placed in
2% OsO4 at 4 °C in 50 mM cacodylate buffer for about 12 h. The
specimens, dehydrated in a graded acetone series, were embedded in
a low viscosity epoxy resin and cut on a Leica UCT ultramicrotome.
Sections stained with uranyl acetate and lead citrate were examined
with a JEM 1200EX electron microscope with 26000× magniﬁcation.
2.8. Confocal laser scanning microscopy (CLSM) and 3D reconstruction
Isolated intact chloroplasts (30 μg Chl ml−1) were suspended in
20 mM HEPES-NaOH (pH 7.5) containing 330 mM sorbitol, 6% (v/v)
glycerol, 30 μMDCMUandMgCl2 in appropriate concentration (0–6 mM).
After 10 min on ice and dark incubation suspension was placed on a
poly-L-lysine layer (1 mgml−1) and immobilized on a microscopic
glass. Sampleswere imaged using Zeiss LSM510 confocal laser scanning
ﬂuorescencemicroscope equippedwith a PlanApo63×,NA1.4 objective
lens. Excitation was performed at 543 nm output from a helium-neon
laser. Fluorescence emission was collected through a 560 nm long pass
ﬁlter, while confocal aperture was set at 106 μm (1 airy unit). Z-series
(79–104 optical slices) of 1024×1024 pixels and 8 bit images were
collected and thosewhichwere not affected by ﬂuorescence quenching
due to the light-exposure in microscope were taken to computer
analysis. To improve signal-to-noise ratio data stackswere deconvolved
using the Huygens Suite 2.8 software (Scientiﬁc Volume Imaging, TheNetherlands). Three-dimensional models of chloroplasts were created
by KS 400 (Zeiss) software by voxels rendering in the gradient mode.
3. Results
3.1. Distribution of Chl ﬂuorescence inside chloroplasts in
isoosmotic medium
Visualizationof ChlﬂuorescencebyCLSMenabled observation in situ
of thylakoid membranes inside intact chloroplasts. Fluorescent discrete
red spots separated from each other by dark space inside each
chloroplast revealed by CLSM were seen in both species. These bright
red, regular spots were attributed mainly to appressed thylakoid
membranes containing LHCII–PSII supercomplexes and LHCII trimers
rather than to non-appressed thylakoids containing PSI, because PSI
ﬂuorescence at25 °Cwas ratherweak [29]. Size and shapeofﬂuorescent
red spots, corresponding to grana stacks, differ between species. For
example Pisum chloroplasts, approximately of 3–4 μm in diameter had
brightly red ﬂuorescent areas of dimensions of about 500 nm, whereas
Spathiphyllum chloroplasts were bigger and had ﬂuorescent discs of
dimensions of about 0.8–1 μm [29]. Our experiments with intact
chloroplast isolated from leaves of pea (Pisum sativum) and bean
(Phaseolus vulgaris), and both incubated in isoosmoticmedium contain-
ing 15 mM NaCl and 4 mM MgCl2 (buffer C), revealed that bigger and
better distinguishedﬂuorescent discswere observed inpea than in bean
chloroplasts (Fig. 1A, B). Our observations of chloroplasts by CLSM are
consistent with transmission electron microscopy (TEM) images of pea
and bean chloroplasts of leaf mesophyll. TEM images of pea showed
large appressed thylakoid regions, clearly separated from each other by
non-appressed ones and oriented in parallel plane (Fig. 1C). On the
other hand bean chloroplasts contained numerous non-appressed
thylakoid regions with some appressed ones irregularly distributed
within chloroplasts (Fig. 1D). These TEM images of thylakoid arrange-
ment in bean chloroplasts were a counterpart of smaller and less
distinguished ﬂuorescent areas corresponding to the appressed regions.
Chloroplast images from intact chloroplasts revealed by CLSM and from
leaf tissue in situ revealed by TEM were consistent with each other and
give similar information on the different distribution of appressed and
non-appressed thylakoids in bean and pea chloroplasts. This observa-
tion suggested different arrangement of LHCII/PSII rich grana mem-
branes inside chloroplast of both species. CLSM and TEM results were
conﬁrmed by steady-state ﬂuorescence emission spectra at 120 K, a
usefulmethod for investigationof CPcomplexes arrangement [9,10]. For
isolated thylakoids incubated in buffer C, excited at 470 nm the ratio of
mainﬂuorescence bands (735 nmand 680 nm)was0.91 and 1.3 for pea
and bean respectively.We suggested that the excitation energy transfer
from external antenna to PSII versus PSI core was more effective in pea
than bean thylakoid [25], probably due to diverse arrangement of CP
super- and megacomplexes, as was previously shown by mild-
denaturing electrophoresis [9,10]. It has been observed that the degree
of thylakoidmembrane stacking is correlated with Chl a/Chl b ratio due
to different ratio of antenna to core complexes [30]. However in our case
of pea andbean thylakoids this parameter has the samevalue, estimated
to about 3.0 [9,10] suggesting different proportion between antenna
(LHCII/LHCI) and core (PSII/PSI) complexes in these two species.
Therefore, pea chloroplasts with large appressed areas and bean
chloroplasts with poorly distinguished appressed regions (Fig. 1) were
perfect models to study the effect of Mg2+ ions on the overall
chloroplast structure.
3.2. Effect of MgCl2 concentration on chlorophyll ﬂuorescence yield and
relative contribution of CP complexes to ﬂuorescence spectra of isolated
thylakoid membranes
Changes in steady-state ﬂuorescence emission intensity, at 680 nm
at room temperature, were directly related to arrangements of LHCII/
Fig. 1. Differences between pea and bean chloroplasts revealed by CLSM (A, B) and TEM microscopy (C, D). For CLSM investigation the intact chloroplasts were incubated in
isoosmotic medium containing 15 mM NaCl and 4 mM MgCl2. Each image presents the middle cross-section of deconvolved stack of CLSM images. White bar=2 μm. Images are
representative for at least 20 independent experiments. TEM image represents the thylakoid arrangements in leaf chloroplast. Dark bar=500 nm.
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effect of different Mg2+ ion concentrations, in the range 0–6 mM
MgCl2, on Chl ﬂuorescence emission intensity was investigated in
isolated thylakoids (Fig. 2A, B). In pea thylakoids Chl ﬂuorescence
increased at low cation concentrations rapidly and linearly up to
1 mM and was constant up to 6 mM MgCl2 (Fig. 2A). In bean
thylakoids Chl ﬂuorescence increased slowly and reached saturation
at 4 mM MgCl2 (Fig. 2A). However, the ﬁnal increase of Chl
ﬂuorescence in bean was six times lower than in pea thylakoids,
indicating less dynamic rearrangements of LHCII/PSII complexes in
bean than in pea thylakoids.
Detailed analysis of CP complexes arrangements under conversion
from unstacking to stacking conditions was performed by low
temperature ﬂuorescence at 120 K. Fluorescence was only slightly
different from that measured at 77 K [31], and enabled analysis of theFig. 2. Effect ofMgCl2 concentrationon the relative changes of steady-stateﬂuorescence emissio
(A) (empty circles) and bean (B) (empty triangles) leaves. F0 value is the maximum of ﬂuore
MgCl2). F values were estimated as a maximum of steady-state ﬂuorescence emission spectra o
from 3 independent experiments.relative contribution of individual CP complexes to the overall Chl
ﬂuorescence in thylakoid membranes [9,10,27]. Low-temperature
emission spectra displayed two prominent Gaussian components at
680 and around 735 nm (Fig. 3), presenting the sum of ﬂuorescence
emitted from LHCII/PSII (PSIIα) and LHCI/PSI complexes [6,27],
respectively.
In pea thylakoids incubated without Mg2+ ions and excited at
412 (Chl a) or 470 nm (Chl b) (Fig. 3A, C), the ratio of areas beneath
respective bands (PSI/PSII) were estimated to 3.06 and 2.68. Thus,
under destacking conditions relative emission from Chl species
associated with PSI/LHCI complexes was larger than PSII/LHCII
ﬂuorescence. Incubation of pea thylakoids with 6 mMMgCl2 caused
signiﬁcant decrease of the PSI/PSII ﬂuorescence ratio (Fig. 3B, D),
suggesting rearrangement between CP complexes. Moreover,
stronger MgCl2 effect in samples where Chl ﬂuorescence wasn intensity (Ex 470 nm) at 25 °C in thylakoidmembranes (6 μg Chlml−1) isolated frompea
scence (at about 680 nm) of thylakoid membranes incubated without Mg2+ ions (0 mM
f thylakoid membranes at increasing MgCl2 concentration. The data are mean values±SD
Fig. 3. Effect of MgCl2 concentration on ﬂuorescence emission spectra of isolated thylakoids (3 μg Chl ml−1) at 120 K. Fluorescence emission spectra of thylakoids isolated from pea
(A–D) and bean (E–H) leaves incubated without MgCl2 (0 mM concentration) (A, C and E, G) or in the presence of 6 mMMgCl2 (B, D and F, H). Spectra were excited at 412 (A, B, E, F)
or 470 nm (C, D, G, H), respectively. Spectra were normalized to the area of 100 under the spectrum and subsequently deconvolved into Gaussian bands as described inMaterials and
methods. Dashed line–ﬁtted spectra, dotted lines–Gaussian components. The presented spectra are representative for three independent experiments.
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a speciﬁc band, suggests an increase in connectivity between
external antennae and core complexes of PSII [22]. Furthermore, the
increase of PIIα with simultaneous decrease of PSI ﬂuorescence
intensity might also indicate certain energy spillover from PSI to
PSII [32]. In pea thylakoids under MgCl2 treatment, the minor
Gaussian components around 699 nm, attributed to LHCII multi-
aggregates disconnected from PSII [9,27,33], were practically
unchanged (Fig. 3A–D), suggesting that stacking process did not
induce aggregation of external antennae outside PSIIα complexes.Gaussian deconvolution of low-temperature Chl ﬂuorescence
spectra of bean thylakoids revealed that MgCl2 treatment did not
induce large changes in relative contribution of LHCII/PSII and LHCI/
PSI to overall ﬂuorescence (Fig. 3E–H). In samples excited at 412
(Chl a) unexpected slight increase of the PSI/PSII ﬂuorescence ratio
was observed (Fig. 3E, F) suggesting certain changes in the
arrangements of PSII and/or PSI core complexes. Furthermore, the
ﬁve nanometer red shift of band related to multiaggregates of LHCII
(Fig. 3G, H), might indicate changes in the arrangement of antennae
complexes outside PSIIα. However, these data suggest that the energy
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independent on MgCl2 concentration.
3.3. Changes in relative efﬁciency of light harvesting in thylakoids under
stacking process
Fig. 4A and B represents 120 K steady-state ﬂuorescence
excitation spectra, centered at 735 nm, recorded in pea and bean
thylakoids incubated in the absence (0 mM) or in the presence of
Mg2+ ions (6 mM). These spectra showed typical excitation in the
Soret region due to light-harvesting by Chl a (414–435), Chl b
(472 nm), superimposed bands of carotenoid pigments (around
497 nm), as well as bands in the red wavelengths around 600–
700 nm, solely due to excitation of Chl a (675–676 nm) and Chl b
(646 nm) [34]. Calculated difference excitation spectra of pea
thylakoids (Fig. 4C) (Em 735 and 680 nm) revealed differences
between stacking and unstacking conditions and showed signiﬁcant
negative bands at 423 nm in the Soret region and noticeable positive
bands at 510 nm. In scan centered at 735 nm, the additional wide
negative band at around 470 nm as well as large positive band at
679 nm in Q region of chlorophyll were present. The decrease and
blue-shift of Bx bands of Chl a (423 nm), Chl b (459 nm), and
xanthophylls (481 nm), as well as slight red-shift of Qy band of Chl a
(679 nm), suggest a decrease of energy transfer efﬁciency from Chl b
antennae complexes to Chl species at 735 nm and a signiﬁcant
alteration of pigment arrangements under stacking process. TheFig. 4. Effect of MgCl2 concentration on ﬂuorescence excitation spectra (Em 735 nm) of pea
buffer without Mg2+ ions, solid line—in buffer with 6 mMMgCl2. Fluorescence excitation diff
0 mMMgCl2 were calculated for the respective excitation spectra normalized to the area of 1difference excitation spectra of bean thylakoids (Fig. 4D) for spectra
centered at 680 and 735 showed negative bands at 430 nm.
However, insigniﬁcant changes for Chl b band (462 nm) and minor
changes in Q region of chlorophyll were observed. Thus, the decrease
and blue-shift of Bx band exclusively for Chl a (430 nm) suggest that
the MgCl2-induced conformational changes in bean thylakoids
might be restricted to the core CP complexes.
3.4. Effect of MgCl2 concentration on relative changes in absorbance and
resonance light scattering (RLS) of isolated thylakoid membranes
Steady-state 298 K (25 °C) electronic absorption spectra revealed
properties of pigments bound in CP complexes [33]. Therefore the
analysis of relative contribution of individual bands in one minus
transmission spectra (100-T) was performed for pea and bean
thylakoids incubated in solutions with different (0–6 mM) MgCl2
concentrations (Fig. 5A, B). Pea and bean spectra showed similar
maxima at 438 and 443 nm (Chl a), 472 and 475 nm (Chl b) as well as
at 681 and 683 nm (Qy of Chl a), respectively, comparable to the
ﬂuorescence excitation spectra (cf. Fig. 4). However the ratio of the
Soret to the Q band was higher in pea than in bean thylakoids what
conﬁrmed different arrangements of CP complexes (cf. Fig. 1).
Absorption difference spectra of MgCl2 treated pea thylakoid
membranes, relative to that of thylakoids incubated without Mg2+
ions (Fig. 5C), exhibited two large and blue-shifted negative bands at
420 and 668 nm. Similarly, absorption difference spectra of bean(A) and bean (B) thylakoids (3 μg Chl ml−1) at 120 K. Dotted line—spectra recorded in
erence spectra of thylakoids from pea (C) and bean (D) at 6 mMMgCl2 relative to that at
00 under the spectrum. Dashed line–spectra centered at 680 nm, solid line–at 735 nm.
Fig. 5. Effect of MgCl2 concentration on the one minus transmission spectra (100-T) at 25 °C for thylakoids (18 μg Chl ml−1) isolated from pea (A) and bean (B) leaves in absence
(dotted line) and in the presence of 0.125 mM (dashed-dotted-dotted), 0.25 mM (dashed-dotted), 0.50 mM (dashed), 6 mM (solid) MgCl2. Spectra were normalized to the area of
100 under the spectrum. Difference spectra for respective samples incubated with elevated MgCl2 minus spectrum for sample without MgCl2 are presented in panel C and D. Spectra
are representative for three independent experiments. Panels E and F show effect of MgCl2 concentration at 25 °C on the relative changes of absorption in thylakoid membranes
(18 μg Chl ml−1) isolated from pea and bean leaves, respectively. A0 and A are the absolute absorption values at 440 (closed circles and closed triangles) or 520 nm (empty circles and
empty triangles) of thylakoid membranes in the absence and presence of MgCl2 at indicated concentrations. The data are mean values±SD from 3 independent experiments.
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but with four-times smaller intensity values.
Notice that the difference excitation spectra (cf. Fig. 4C, D) and
difference 100-T spectra (Fig. 5C, D) were different. The observed
large positive bands around 530 and 720 nm in pea thylakoids
(Fig. 5C), as well as small bands around 550 and 726 nm in bean
(Fig. 5D), were related to components of light scattering [33]. In
contrast to the Chl ﬂuorescence rise (cf. Fig. 2A) the relative
absorption (at 440 and 520 nm) in pea thylakoids reached maximum
slightly above 4 mM of MgCl2 concentration (Fig. 5E). In bean
thylakoids (Fig. 5F) the course of absorbance was similar but changeswere considerably smaller. It was reported that analogous changes in
absorbance reﬂect an increase of pigments interaction, probably due
to CP aggregation or thylakoids stacking [22,34–36].
Resonance light scattering (RLS) spectra of both pea and bean
thylakoids displayed two distinct maxima at 516 and 692/694 nm
(Fig. 6A and B), attributed to the Soret band and the chlorophyll Q band
[33], respectively. In comparison with light scattering components in
absorbance spectra (Fig. 5C), RLS was a more sensitive and selective
indicator of CP aggregation processes [33,37] and of the degree of grana
stacking [23]. Presented here RLS spectra of pea thylakoids incubated
with gradually increasing MgCl2 concentration (0–6 mM), showed
Fig. 6. Resonance light scattering (RLS) spectra recorded at 25 °C from pea (A) and bean (B) thylakoid membranes (18 μg Chl ml−1) incubated without Mg2+ ions (dotted line) or
elevated MgCl2 concentrations as described in legend to Fig. 5. Spectra are representative for three independent experiments. Panel C and D show the effect of MgCl2 concentration
on relative changes of RLS at 515 (closed circles and closed triangles) and 692 nm (empty circles and empty triangles) for pea and bean thylakoids, respectively. The RLS data were
withdraw from respective RLS spectra and calculated as described in legend to Fig. 5.
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probably due to the presence of stacked structure [23 and references
cited therein]. The relative increase of RLS in pea thylakoidswas linear at
low cation concentrations, reached maximum already at 0.5 mMMgCl2
and slightly decreased with further increase of Mg2+ concentration
(Fig. 6B). Furthermore, the band shape did not change (Fig. 6A),
indicating that MgCl2 induced stacking of pea thylakoids without
signiﬁcant changes in the arrangement of CP complexes [33]. On the
contrary, MgCl2 effect on RLS spectra of bean thylakoids was weak
(Fig. 6C), and slow RLS rise in bean thylakoids (Fig. 6D) was similar to
the corresponding Chl ﬂuorescence (cf. Fig. 2B). However, absolute
intensities of the RLS main bands of bean thylakoids (Fig. 6B) were
higher than appropriate bands in pea (Fig. 6A).
3.5. Proteins and lipids structure of thylakoid membranes in absence and
presence of Mg2+ ions
Fig. 7 presents region of the infrared spectra normalized at
1650 cm−1 of pea and bean thylakoids incubated without (0 mM)
(Fig. 7A, D) or with 6 mM MgCl2 (Fig. 7B, E). The Amide I region
(1700–1580 cm−1) corresponds to peptide bond carbonyl group
vibration [28], whereas the band between 1760 and 1710 cm−1 is
related to ester C=O vibration, a bond present in lipids due to binding
of fatty acid to the glycerol backbone [38]. Since the ester C=O group
is not present in polypeptide chains, the ratio of integrated intensities
of Amide I band to ester C=O vibration, informs about the relative
proportion of proteins to lipids as was described for tobacco andSynechocystis thylakoids as well as for artiﬁcial membranes [38–40].
This ratio showed a lower relative protein/lipid proportion in pea
than in bean thylakoids (Fig. 7C, F). However, both in pea and bean
thylakoids the protein/lipid ratio was independent of MgCl2 treat-
ment (Fig. 7C, F).
Further relationship between lipid ordering in thylakoids under
Mg2+ ions treatment was performed by analysis of IR region at
3000–2800 cm−1, corresponding to deforming stretching vibra-
tions of CH2 and CH3 groups of membrane lipid acyl chains. The
spectrum could be ﬁtted with six speciﬁc Gaussian components
(not showed). Changes in disorder of fatty acyl chains correspond
to the upshifted frequency of the symmetric stretching band of CH2
groups (vsymCH2) at around 2850 cm−1 [38,39]. However, the
maxima of the vsymCH2 band, estimated to 2851±0.5 and 2850±
0.8 cm−1 in pea and bean thylakoids were unchaged in absence
(0 mM) and in the presence of 6 mM MgCl2 in samples (not
showed). Furthermore, the band centered at 2830 cm−1 can be
assigned to the symmetric C―H stretching vibrations of acyl chains
of lipids in domains characterized by relatively low molecular
motions, e.g. due to the interactions with proteins [38,39].
However, the ratio of total lipid region area to the C―H stretching
band area did not change in the presence of 6 mM MgCl2, both in
pea and bean thylakoids (Fig. 7C, F). Thus, these results suggest that
both structural lipid disorder and lipid–protein interaction were
not affected by MgCl2 presence.
Changes in protein structure were investigated by analysis of the
individual Gaussian component in Amide I region (Fig. 7). Main band
Fig. 7. Normalized (at 1650 cm−1 to one) infrared absorption spectra in the Amide I and ester C=O regions recorded from pea (panels A, B) and bean (panels D, E) thylakoids
deposited from buffer without Mg2+ ions (panels A, D) and buffer containing 6 mMMgCl2 (panels B, E). The original spectra (thin solid line), the deconvolution components (dotted
lines) and ﬁtted curves (dashed lines) are presented. Panels C and F show the ratio of the area beneath of spectral components for respective pea and bean spectra. A/C=O—ratio of
Amide I to ester C=O; L/C-H—ratio of total CHn groups vibration to low energy C―H vibration; α/β -ratio of α-structure to parallel β-structure; α/agg—ratio of α-structure to
aggregates strands. Empty bar—spectra recorded in buffer without Mg2+ ions, grey bars—in buffer with 6 mM MgCl2. The data are mean values±SD from 4 independent
experiments. *Pb0.037.
1744 I. Rumak et al. / Biochimica et Biophysica Acta 1797 (2010) 1736–1748centered at around 1650 cm−1 corresponds to α-helical chains of
membrane protein while bands centered at around 1680 and
1689 cm−1 were assigned to turn and loops, and antiparallel β-
structures, respectively. The origin of bands at 1630 cm−1 is
associated with the formation of hydrogen bonds between the
carbonyl groups and the amino groups of residues of neighboring α-
helices and formally designated as a parallel β-structure. The low-
energy band at 1610 cm−1 is attributed to aggregates strands
[28,33,41]. Furthermore, in the case of thylakoid membrane, the
ratio of integrated intensities of α-helical band to the parallel β-
structure (α/β) and to aggregates strands (α/agg) represent the
aggregation level of thylakoid protein inside and outside membrane,
respectively [33,41]. Comparison of such estimated ratio showed that
in bean thylakoids incubated without MgCl2, the relative proportion
of α-helical (1650 cm−1) to aggregated (1610 cm−1) structures
(Fig. 7F) is noticeably lower than in pea thylakoids (Fig. 7C).
Furthermore, as shown in Fig. 7C in absence and in the presence ofMg2+ ions in pea thylakoids, the relative fraction of β-structure was
unchanged, whereas a decrease of α/agg ratio was observed. In bean
thylakoids these parameters were unchanged (Fig. 7F). Such results
suggest that polypeptide fragments located outside the membrane
bilayer contributed to the MgCl2-induced formation of aggregated
structures. This was observed in pea thylakoids only.
3.6. Magnesium ions effect on spatial distribution of Chl ﬂuorescence in
intact pea and bean chloroplasts
Images of intact pea chloroplasts revealed byCLSM showed thatMg2+
ions signiﬁcantly affected chloroplasts structure. At low magnesium
concentration (0 mM MgCl2 in incubation buffer) Chl ﬂuorescence
exhibited wide dispersion within pea chloroplasts (Fig. 8A). It does not
mean that all membranes containing LHCII–PSII supercomplexes and
LHCII trimers were unfolded. Fig. 8A clearly indicated that there were
small and irregularly distributed appressed regions inside intact
Fig. 8. Effect ofMgCl2 concentration on pea intact chloroplast structure revealed by CLSM images and 3D reconstruction. Before embedded on polylysine layer, isolated intact chloroplasts were
incubatedwithoutMgCl2 (A), orwithmediumcontainingMgCl2 in0.5 mM(B), 4 mM(C)and6mM(D) concentrations. The red imagespresent themiddle cross-sectionof deconvolved stackof
CLSMimages.Grey images represent3Dmodels of intactpeaandbeanchloroplasts createdafterdeconvolution. Each time faceandsideviewof3Dchloroplastmodels is shown.Bar=2 μm.Each
image is representative for at least 10 independent experiments.
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tion of Chl ﬂuorescence into brightly red ﬂuorescent discs, but
ﬂuorescence dispersion was also observed (Fig. 8B). Addition of 4 mM
MgCl2 to the incubation buffer resulted in big and well-distinguished
ﬂuorescent areas formation (Fig. 8C). 6 mMmagnesium ion concentration
caused subsequent ﬂuorescence condensation; brightly red areas were
clearly separated by dark space (Fig. 8D).
We created 3D structures based on 87–104 ﬂuorescence images from
different focal depths,where spatial layoutof Chlﬂuorescencewas shown.
Computerized 3D images of intact pea chloroplasts incubated at different
ion concentrations highlighted the tendency observed directly by CLSM.
3D model shows a slightly wrinkled sphere if the incubation buffer
contained no Mg2+ ions (Fig. 8A). It might suggest, that in unstacking
conditions, grana stackswere unfolded andmergedwith the neighboring
stroma thylakoids. Consequently, thylakoid membranes form continuous
surface within chloroplast and LHCII/PSII complexes were evenly
distributed around the membranes (Fig. 8A). The next 3D models show
(Fig. 8B–D) that the subsequent gradual magnesium addition led to an
increase of surface irregularity. Spatial layout of Chl ﬂuorescence forms
distinguished, sharply outlined spatial areas with diameter of about
400 nm, which in the presence of 6 mM MgCl2 occupied majority of theorganellum volume (Fig. 8D). MgCl2-induced successive spatial conden-
sation of Chl ﬂuorescence suggests that unfolded, unstacked membranes
(Fig. 8A) were transformed into many stacked areas (Fig. 8D). Further-
more, changes of spatial visualization of Chlﬂuorescenceunder increasing
ionic forcemight be related to the accumulationof LHCII/PSII in grana and
at least partial separation of PSI/PSII complexes between the stroma and
grana thylakoids (cf. Fig. 3A–D).
Images revealed by CLSM exhibited minor inﬂuence of magne-
sium ions on the structure of intact bean chloroplasts (Fig. 9). At low
MgCl2 concentration (0 mM MgCl2 in incubation buffer), in bean
chloroplasts (Fig. 9A), in contrast to pea (Fig. 8A), many tiny, but
distinct ﬂuorescent areas of Chl ﬂuorescence were observed.
Gradual addition of MgCl2 to the incubation buffer caused formation
of bigger and better distinguished bright ﬂuorescence regions.
Moreover, bigger non-ﬂuorescence dark spaces between red regions
emerged (Fig. 9B–D). However, even in the presence of 6 mMMgCl2,
red ﬂuorescence regions inside bean chloroplasts were less regular
and smaller (Fig. 9D) in comparison with bigger ﬂuorescence spots
observed in pea chloroplasts (cf. Fig. 8D).
3D images of bean chloroplasts, obtained on the base of stack of
optical slices, conﬁrmed different effect of magnesium ions on the
Fig. 9. Effect of MgCl2 concentration on bean intact chloroplast structure revealed by CLSM images and 3D reconstruction. Before embedded on polylysine layer isolated intact
chloroplasts were incubated without MgCl2 (A), or with medium containing MgCl2 in 0.5 mM (B), 4 mM (C) and 6 mM (D) concentrations. Description as in the legend to Fig. 8.
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incubation without Mg2+ cations the model shows a ﬁnely and
densely folding surface of membranes within bean chloroplasts
(Fig. 9A). This might suggest that under those conditions LHCII/PSII
complexes were arranged in many separated regions and did not
migrate to other parts of thylakoids (cf. Fig. 3E–H). If these smaller
ﬂuorescence regions in bean chloroplasts were related to stacked
thylakoids depletion of MgCl2 from incubation buffer would not cause
massive unfolding of membranes. Subsequent increase of MgCl2
concentration led to increase of size and decrease of the number of 3D
areas inside bean chloroplasts (Fig. 9B–D). This means, that increase
of the stacking membrane degree might be caused by merging of
smaller stacked regions. However, this stacking process in bean
chloroplast was subtle (Fig. 9D) as compared with changes observed
within pea chloroplasts (Fig. 8D).
4. Discussion
Commonly accepted models of thylakoid stacking assume two
simultaneous processes, (i) vertical appression of adjacent mem-
branes and (ii) lateral separation of CP complexes [20,42]. Thesephenomena can be explained by an increase of the van der Waals
attraction and decrease of electrostatic and hydration repulsion
between neighbouring membranes [42]. Thus, the presence of
cations, e.g. Mg2+ ions, seems to be responsible for enhanced
electrostatic screening of negative surface charges of thylakoid
membranes. In stacked grana membranes dominate the intra-
membrane ordered LHCII–PSII supercomplexes (PSIIα) [18], while
molecular architecture of PSI with protrusion at the stroma-facing
surface prevents its migration to the thylakoid partition gap [17],
what explains the lateral separation of CP complexes.
We have found two plant species of which chloroplast structures
undergo different alterations under magnesium ion treatment. We will
now address the key question what is the reason of such remodelling.
Pea chloroplasts contain large stacked areas, while, fewer distinguished
appressed regions are observed in bean chloroplasts (Fig. 1), probably as
a consequence of different organization of CP complexes [9,10,43]. The
relative LHCI–PSI/LHCII–PSII ﬂuorescence ratio is higher in bean
thylakoids [25] suggesting lower abundance of PSIIα in bean than in
pea thylakoids. Because the ordering of LHCII–PSII supercomplexes is an
essential component of stacked grana [18 and references therein],
smaller size of appressed regions in bean thylakoids may be directly
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ﬂuorescence ratio in pea thylakoids [25] should be correlatedwith large
grana areas in pea chloroplasts (Figs. 1, 8C).
The analysis of the Gaussian component of the infrared spectrum
shows that the protein/lipid ratio is higher in bean than in pea
thylakoids (Fig. 7), thus the average protein density is higher in bean
[38–40]. Since about 60% of total lipids contribute to the boundary lipids
[44] and the protein/lipid ratio in bean is 1.5 higher than in pea lower
amount of bulk lipid phase is present in bean thylakoids. Probably it
might inﬂuence different arrangement of appressed and non-appressed
thylakoid membranes in pea and bean chloroplasts (Figs. 8, 9).
Biochemical and ultrastructural data analysis indicates that
protein–protein interactions might play an important role for short-
range protein organization and the stacking of grana discs, especially
by formation of the LHCII–PSII supercomplexes (PSIIα) and slightly
larger assembly megacomplexes [18]. However, at high protein
density this effect becomes less important than in isolated grana
membranes, where proteins occupy about 80% of grana space and low
salt treatment does not change functional interactions between LHCII
and PSII [22]. Recent investigation showed that approximately 75% of
the protein complexes in isolated grana thylakoids were almost
immobile, but 25% moved relatively fast [45]. The diffusion coefﬁcient
in crowded membranes is distance-dependent, i.e. the diffusion time
is longer in larger grana discs. Thus, molecular crowding in large grana
might prevent lateral diffusion of LHCII/PSII [18] and should lead to a
decrease in sensitivity to Mg2+ ion treatment. However in our
experimental conditions the MgCl2-dependent large-scale stacking
phenomenon is observed only under formation of large stacked areas
occuring in pea chloroplasts, while structures of small appressed
regions in bean chloroplast slightly depend on cation concentration
(Figs. 8, 9).
We postulate that a kind of “spatial encumbrance” exists in bean
chloroplasts, that is caused by a different megacomplexes/microdomains
arrangement. We showed by 120 K ﬂuorescence (Fig. 3E–F) [25] and
mild-denaturing electrophoresis [9,10] that the amount of LHCI–PSI is
larger than LHCII–PSII. Therefore LHCI–PSI might be an essential
component of these microdomains. These domains should be localized
outside the appressed membranes because PSI protrusion prevents
migration of this complex to grana. Therefore, the inﬂuence of
magnesium ions on the overall bean chloroplast structure is limited
(Fig. 9). In pea thylakoids under increasing magnesium ion concentra-
tion we observed similar effects as described for spinach [22] and
Arabidopsis thaliana [16]. In this case larger area of stroma thylakoids
could be distinguished (Fig. 1, 8) with lower amounts of LHCI–PSI
complexes (Fig. 3) [9,10]. Such membrane arrangement might enable
randomization of CP complexes and unstacking of grana in the absence
of Mg2+ ions (Fig. 8A) or segregation and grana formation in the MgCl2
presence (Fig. 8D).
The freeze-fracture electron microscopy of unstacked spinach
grana showed disorder of the LHCII–PSIIα megacomplexes, but not
complete disassembly of PSIIα supercomplexes. On the other hand,
the Mg2+ ions induced restacking of thylakoids caused formation of
ordered LHCII–PSIIαmicrodomains [21]. On that basis Kirchhoff et al.
[21] proposed that the protein arrangement in grana thylakoids is a
self-organized process related to speciﬁc interaction of LHCII–trimer
with PSII dimers and with lipids surrounding the membrane proteins.
Thus, the hydrophobic recognition might be the main mechanism in
lateral interaction between CP complexes [21]. We showed that
MgCl2-induced membrane stacking does not change the fraction of
boundary lipids and aggregation level of thylakoid proteins inside
the membrane (Fig. 7C, F). Thus our data conﬁrmed earlier
suggestions [44] that changes in weak associations between super-
complexes is created by boundary lipids without formation of direct
protein–protein bonds.
On the other hand, stacking of adjacent membranes is correlated
with charge distribution on the stromal face of LHCII trimers and PSIIsubunits, which may be balanced by presence of Mg2+ ions [16].
Decrease of electrostatic repulsions enables direct interaction
between proteins in opposite membranes, as is shown by analysis
of individual Gaussian components in Amide I region (Fig. 7). MgCl2
enhances the level of the aggregate strands, which suggests
formation of hydrogen bonds between polypeptide fragments
located outside the membrane bilayer, i.e. probably between
hydrophilic N-terminal domain of LHCII localized on the stroma
surface of thylakoids [46].
Furthermore, changes in charge of outer-membrane parts of
proteins might be involved in the lateral arrangements of LHCII–PSII
complexes [21], probably by formation of protein bridges above the
lipid bilayers [44 and references therein]. It is likely that both cation-
dependent lateral movement of proteins and vertical thylakoids
stacking occur simultaneously and depend on each other [21], but is
also related to cation concentration [23]. This statement corresponds
to our observation, that nearly maximal Chl ﬂuorescence is observed
at lower MgCl2 (Fig. 2), whereas thylakoids stacking takes place at
higher Mg2+ ions concentrations (Fig. 8, 9). Due to observations with
atomic force microscopy [22] the lateral distance between Chls in
different LHCII complexes in appressed membranes is calculated to be
about 2 nm, which is sufﬁcient for efﬁcient transfer of excitonic
energy. The minimal vertical distance between Chl molecules in LHCII
complexes localized in adjacent membrane is larger, around 5.5 nm
[22]. This calculation supports the lateral energy transfer and
indicates, that the thylakoid stacking is not strictly related to the
excitonic connectivity of PSIIα [22,23].
The main aim of our research was CLSM observation and 3D
computer modelling of the whole chloroplasts in nearly intact state
(in situ) (Figs. 8, 9).We showed thatmagnesium ions inducedmassive
reorganization of the entire chloroplast space, not only by formation
of appressed regions, but also by signiﬁcant change of non-appressed
areas (Fig. 8). All our 3D visualizations are in agreement with
spectroscopic data, e.g. the level of RLS (Fig. 6) and numbers of
appressed areas (Figs. 8, 9) and extend analysis of stacking process.
Especially in pea chloroplasts, we can directly observe successive
stages of appressed membranes formation from uniform continuous
surface (Fig. 8A) to many distinguished stacked areas (Fig. 8C, D).
Since the stack of two adjacent thylakoid membranes is about 17 nm
height [47], the stacked regions in our models of pea chloroplasts with
a diameter about 400 nm (Fig. 8C, D) should be composed from at
least 20 membrane pairs. Otherwise, on the wrinkled surface of
unstacked membranes our models revealed three or four times
smaller appressed regions (Fig. 8A, B) suggesting that these areas
consist of fewer paired membranes. Models of bean chloroplast
present similar but less pronounced tendencies towards formation of
appressed regions, from tiny areas (Fig. 9A) to about twice as large,
distinctive regions (Fig. 9D). Thus, probably there are fewer paired
membranes in bean stacks than in pea. Moreover, under transforma-
tion from unstacking to stacking conditions both type of chloroplast
revealed noticeable decrease of the total surface area (Figs. 8A, 9A
versus Figs. 8D, 9D), suggesting coordinated refolding of entire
membranes within chloroplasts. Due to low optical resolution of
CLSM we could not create appropriate topological model for stacking
process. Mostly because higher resolutionmicroscopicmethods [8,13]
did not give unambiguous conclusions. However, our models clearly
indicated that the stacking process concerns simultaneously all
membranes within chloroplast. Thus, spatial structures of the whole
chloroplast represent the thermodynamic optimum in deﬁnite
environmental condition [16].
In summary, comparison of thylakoids stacking phenomena of pea
and bean chloroplasts by complementary methods can lead to general
conclusions and extend recent understanding of this process.We have
shown that protein/lipid ratio and arrangement of supercomplexes
inﬂuence formation of appressed membranes. We suggest that not
only the size differences between PSII–LHCII and PSI–LHCI, but also
1748 I. Rumak et al. / Biochimica et Biophysica Acta 1797 (2010) 1736–1748the quantitative and/or qualitative composition of microdomains is
an important factor in lateral segregation of photosystems. Moreover,
stacking processes always affect the structural changes of chloroplast
as a whole.Acknowledgments
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